Abstract GaN layers grown by metal organic vapour phase epitaxy on sapphire were imaged by synchrotron radiation X-ray topography. The threading dislocations could not be resolved in the topographs due to their high density, but a smaller density of about 10 5 cm -2 defects were seen in the interface between GaN and sapphire by utilizing large-area back-reflection topography for the sapphire substrates. The misfit dislocation images in the topographs form a well-resolved cellular network, in which the average cell size is roughly 30 lm. Different cell shapes in the misfit dislocation networks are observed on different samples. Also, images of small-angle grains of similar size were found in transmission section topographs of the GaN layers.
Introduction
GaN has been the target of concentrated research and development efforts due to its high band gap, which makes GaN well-suited for optoelectronic applications. The de facto standard substrate for epitaxial GaN has been sapphire, notwithstanding the large lattice mismatch between the two materials that makes the epitaxial techniques rather difficult. The growth of GaN on sapphire has been known to produce grains on the sub-micron scale with grain boundaries having threading (TD) and misfit (MD) dislocations [1] . In this work, large-scale structures at the interface between GaN and sapphire are studied.
Experimental
GaN layers having a thickness between 2-5 lm were grown by metal organic vapour phase epitaxy (MOVPE) on 430 lm thick (00.1) c-plane sapphire substrates utilizing the two-step or the multistep [2] nucleation layer techniques with trimethylgallium (TMGa) and NH 3 as precursors. The samples selected for this study were labeled as A, B, C and D. Sample A was made using the multi-step technique and had a rather small etch pit density of about 5Á10 7 cm -2 . Sample B was grown using a more standard two-step method and had an etch pit density of over 10 8 cm -2 . Sample C contained some macroscopic dot-like defects. Sample D was also deposited with the two-step nucleation layer technique, but it was made with a larger ammonium flow than the other samples, which caused the GaN nucleation islands to grow together sooner. Sample D also had an additional p-type epilayer on top of the GaN buffer layer. Figure 1 shows a schematic structure of the samples, properties of which are listed in Table 1 .
The relatively large lattice misfit between GaN and sapphire results in an effective 30°rotation about their common hexagonal c-axis between the two lattices, and generates MDs and strain both into the epilayer and into the substrate during the MOVPE growth. Defects in the resulting heterostructure were imaged by means of synchrotron radiation X-ray topography (SR-XRT) utilizing a continuous spectrum of wavelengths [3] at SYLAB-DESY in Hamburg and at ANKA in Karlsruhe. Topographs were recorded using large-area back-reflection and section transmission geometries [4] . In large-area back-reflection geometry the X-ray beam size was 1.5 · 1.5 mm at HASYLAB-DESY and 2.0 · 2.0 mm at ANKA. The X-ray beam width in the section transmission geometry was limited in the vertical direction to 15 lm using a slit made of two adjustable cylindrical tungsten bars, whereas the horizontal width of the X-ray beam was 4 mm.
Most of the topographs of GaN and sapphire do not overlap on the films because of the different lattice orientations, lattice constants and crystal systems of rhombohedral sapphire and hexagonal GaN. Thus, it is possible to record images of each material individually, which can specifically be used to image the interface effects on sapphire under the relatively thick GaN layer. The imaging of the sapphire substrates instead of GaN layers in the large-area backreflection geometry is necessary, because the defect densities of the GaN layers are too large for observation of individual dislocations using large-area SR-XRT. In this work, the hexagonal coordinate system is used for the rhombohedral lattice of sapphire in order to obtain the same coordinate system for the GaN epilayers and sapphire substrates. In addition to SR-XRT images, atomic force micrographs (AFM) of the etched GaN surfaces were recorded in order to obtain etch pit density data on GaN.
Results and discussion
Overall TD dislocation densities were calculated from AFM images. Two AFM micrographs of sample A are shown in Fig. 2 . Two distinct types of etch pits were observed. Figure 2a shows only small circular etch pits, the density of which is about 5Á10 7 cm -2 . The small etch pits are most likely endpoints of pure edge threading dislocations [5] . In addition to the small circular etch pits Fig. 2b shows two large etch pits, which are clearly hexagonal and appear to have a density of less than 10 5 cm -2 . The large hexagonal etch pits are believed to be generated by screw dislocation or mixed dislocation endpoints on the GaN surface [5] . It was also noticed that the TD endpoints tend to form clusters and to line up in the AFM micrographs. Figure 3 shows a 1 " 1 : 14 large-area back-reflection topograph of the sapphire substrate beneath the 5 lm thick GaN layer in sample A. The topograph shows a wellresolved irregular cellular network having a cell size of roughly 30 lm in diameter. Several large-area backreflection topographs of bare sapphire substrates were recorded for reference, but those are not shown in this work, as they only had images of characteristic threading dislocations in the sapphire substrates. According to the kinematical theory of diffraction the black images on the grey sapphire background in Fig. 3 indicate either defects or high local strain fields. The defects in the sapphire are The number of the individual defect images in the topograph is roughly 10 5 cm -2 , excluding the possible finestructure of the thin lines. The observed cellular network of defects in sapphire probably also extends from the interface to at least some distance into the GaN epilayer. However, it is not known whether the clustering and lining-up of the etch pits in the AFM micrographs of Fig. 2 is connected to the cellular network of defects observed in sapphire by SR-XRT, because the TD endpoints on the GaN surface may very well have a different pattern than the dislocations at the sapphire-GaN interface. Figure 4 shows large-area back-reflection topographs of the sapphire substrate surface of the samples B, C and D. Figure 4a shows a topograph of sample B having a GaN epilayer with a large TD density of over 10 8 cm -2 . The defect network images in the topograph have noticeably smaller cell size and more signs of strain than in Fig. 3 . The topograph in Fig. 4b is recorded from sample D and shows a peculiar cell structure consisting of irregular hexagons having a defect dot in the centre. Similar hexagonal cells with a central defect dot were also observed in Sample A, albeit there are much fewer such cells and they are more irregular in the topograph of sample A in Fig. 3 .
The size of the cells in sample D is approximately 30 l m like those of sample A. Figure 4c from sample C shows topography images of strain and defects in sapphire caused by a macroscopic defect in the GaN epilayer. This large defect image having a diameter of 100 lm is clearly visible in the upper part of the topograph. Notwithstanding the large defect image in Fig. 4c , the overall contrast in the topograph of sample C is rather weak, which indicates that the GaN epilayer of the sample C imposes only a minute strain onto the sapphire substrate.
20:1 and 20.1 transmission section topographs of the GaN epilayer and 23:4 topographs of the sapphire substrate recorded from sample A in a single exposure are shown in Fig. 5 . The GaN epilayer images show small-angle boundaries between the GaN cells. However, the GaN epilayer line is not fuzzy or broadened in the topograph despite the misfit dislocations, which indicates a relatively good crystal quality. More specifically, the GaN epilayer images in Fig. 5 show a sharper contrast than GaN epilayers topographed in comparable previous works [6, 7] , where section topograph images of the GaN epilayers were significantly broadened. The cellular network of small-angle grain boundaries in the sapphire layer of Fig. 3 is believed to be replicated in the GaN layer, but unfortunately the overall dislocation density, 5Á10 7 cm -3 , of the GaN epilayer is too large for resolving individual dislocations in large-area SR-XRT. However, it is very likely that the small-angle grain boundaries seen on sapphire extend into the GaN layer, which is also supported by the fact that the small-angle grains in the GaN transmission section topographs of Fig. 5 are of the same size as the cell Fig. 3 . Even though the GaN epilayer in sample A is not strictly speaking monocrystalline as there clearly are features possessing many grain boundaries, the misalignment between the small-angle grains appears to be so small that the grains are practically in the same orientation. Thus, sample A can be considered to have a monocrystalline GaN epilayer having about 5Á10 7 dislocations/cm 2 , some of which are dislocations forming a cellular structure of small-angle grain boundaries. Figure 6 shows transmission section topographs of samples A, B, C and D. The diffraction vectorsg in these topographs are perpendicular to the c-axes of the lattices. Recording of such topographs was made possible by rotating the samples 6°about an axis coincident with the plane section of the sample surface and the diffracting plane. Thus, the Bragg angle for these reflections is h B = 6°. For this geometry distances in the c-axis direction are foreshoretened by tan(2h B )/cos(h B ) % 0.21, whereas distances measured in directions perpendicular to c-axis remain the same. This effectively makes the images of 430 lm thick sapphire substrates in the topographs of Fig. 6 to appear only about 100 lm thick.
The topograph in Fig. 6a of sample A has the GaN epilayer image overlaid with the sapphire substrate image, because the GaN epilayer in sample A happened to have a small tilt angle (calculated value <0.05°) between the substrate and the epilayer lattice c-axes in such a direction that the GaN epilayer image was rotated exactly on top of the sapphire substrate image. However, based on topographs of Fig. 5b and c it can be observed that the GaN epilayer in sample A has the best quality of the samples, because it has the thinnest epilayer image compared to the substrate image thickness in the section topographs, even though sample A has the thickest GaN epilayer. The comparison between the thicknesses of the GaN epilayer image in Fig. 5b and the sapphire substrate image in Fig. 5c is possible, because the topographs in these figures are located so close on the film that the geometrical projections for these two topographs are practically the same.
The GaN epilayer image of sample B in B is seen to be of poorer quality than that of sample A, because the diffraction image of the sample B epilayer in Fig. 6b is much fuzzier than that of sample A in Figs. 5a and b. The sharp boundaries between the defected areas disappear, as the images of the dislocations between the small-angle boundaries are so numerous that their combined intensity is visible as a grey and indistinct intensity distribution rather than as sharp-edged contrast changes between the grains. Fig. 6c shows how the GaN epilayer in sample C has such a low crystal quality that the epilayer grain images are elongated and very faint. The small-angle grain boundaries in the section topograph of sample D in Fig. 6c are expectionally clear and easily distinguishable.
The grain sizes appear to be varying between 20-40 lm, which is in a good agreement with the sapphire defect cell sizes of the same sample visible in the topograph of Fig. 4b , taking into account the 15 lm wide section X-ray beam bisecting an individual grain at a random position. Also, clear images of the small-angle boundary defects indicate a rather good quality in the epitaxial layer, which is further suggested by the fact that the image of the GaN epilayer is almost as thin as that of sample A in Fig. 5b . The GaN epilayer in sample D appears to be exactly in the same orientation as the sapphire substrate lattice, in contrast to samples A, B and C, which all have a small tilt angle between the substrate and epilayer lattice c-axes. Also, the substrate image of sample D in Fig. 6d displays fewer defects than the substrate images of samples A, B and C in Figs. 6a, b and c.
An interesting aspect of the obtained results is the large size of the MD network cells on the sapphire substrates, and also the large size of the corresponding grains in the GaN epilayers. The diameter of the largest nucleation islands in sample A has probably been 2-5 lm before the start of the two dimensional GaN growth, and the overall nucleation island density has likely been approximately 10 7 cm -2 [8] . Thus, if the MD network cells are formed by nucleation islands growing together, one such cell should consist of roughly 10 2 nucleation islands in the case of sample A. Earlier studies have shown that the GaN growth is dominated by the originally larger nucleation islands, and that the small nucleation islands are suppressed until the start of the two dimensional growth [8] , but it is not known whether this effect could extend to structures as large as the MD network cells observed in this work. However, the similar size of the MD network cells between samples A and D despite the use of different growth techniques suggests that the MD network cell sizes or the GaN small-angle grain sizes are not connected to the GaN nucleation island sizes.
Another explanation for the observed 30 lm average size of the MD network cells in samples A and D could simply be a misfit production mechanism caused by the large misfit between sapphire and GaN, in which case the cellular network should be very similar in all good-quality epitaxial GaN on sapphire. However, the average distance between MDs at the interface between GaN and sapphire is just 2 nm [9, 10] . Even though these interfacial MDs in GaN are shown to be very regularly distributed [9] , it is difficult to think of a general MD production mechanism producing large misfit cells of 30 lm in diameter given the very dense MD network at the interface. Obviously, the dense MD network at the interface is not visible in any way in the topographs studied in this work due to the large difference in the scales involved. For these reasons, it was unfortunately not possible to ascertain the validity of either a) GaN 
Conclusions
Images of strain caused by different cellular networks of MDs at the interface between sapphire and GaN were imaged using SR-XRT in the large-area back-reflection mode. Small-angle grain boundaries in the GaN epilayers were observed using SR-XRT in the transmission section mode. Structures having regular cellular network with cell size of roughly 30 lm were observed in two samples. Samples having a GaN layer with considerably more defects had more irregular cellular MD network structures and also smaller MD network cell sizes. The size of the small-angle grains in the GaN epilayers was observed to be the same as the MD defect cell sizes in the sapphire substrates. The observed small-angle grains and MD network cells had considerably larger diameters than the GaN nucleation islands at the start of the growth process are known to have.
